ABSTRACT DL-1,2-Dioctanoylglycerol (1,2-DiC8) added to human peripheral resting T lymphocytes was rapidly metabolized to produce octanoic acid and further to small molecules, probably by the action of diacylglycerol lipase and/or nonspecific esterase. Only a small portion was converted to the corresponding phosphatidic acid or was isomerized to 1,3-DiC8 before being metabolized. The uptake of 1,2-DiC8 by the cell was apparently fast, and the rate of disappearance of 1,2-DiCs was dependent on the cell densities; at a higher density of T lymphocytes 1,2-DiC8 was removed quickly, whereas at a lower cell density 1,2-DiC8 remained for a longer period oftime. With a fixed amount of 1,2-DiC8 added, the extent of interleukin 2 receptor a-subunit (IL-2Ra) expression was inversely related to the cell density and proportional to the duration of exposure of the cells to 1,2-DiCs. Repeated doses of 1,2-DiC8 potentiated IL-2Ra expression. In contrast, a single dose of phorbol 12-myristate 13-acetate caused T-lymphocyte activation to similr extents irrespective ofthe cell density, probably because the phorbol ester was not metabolized and remained in membranes. The available evidence supports a proposal made in a previous paper and indicates that the sustaind activation of protein kinase C for at least the first 3-4 hr is essential for the activation of resting T lymphocytes.
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Protein kinase C (PKC) is activated by diacylglycerol (DAG), which is produced physiologically as a result of the signalinduced hydrolysis of inositolphospholipids (1) . Tumorpromoting phorbol esters and membrane-permeant DAGs such as 1-oleoyl-2-acetylglycerol and 1,2-dioctanoylglycerol (DiC8) are often used to activate this enzyme within the intact cell (2, 3) . Several discrepancies have been reported, however, between the responses induced by phorbol esters and those induced by the membrane-permeant DAGs (4) (5) (6) . One possible explanation for the discrepancies is that the membrane-permeant DAG is metabolized quickly and activates PKC only transiently (2) , whereas phorbol ester is hardly metabolized and thus activates the enzyme for a long time (7) . Although the receptor-mediated hydrolysis of inositolphospholipids was once thought to be the sole mechanism leading to the activation of PKC (8) , it is becoming plausible that the hydrolysis of inositolphospholipids is normally transient and insufficient to cause the sustained activation of PKC that appears to be needed for long-term responses such as cell proliferation and differentiation (9) (10) (11) . For sustained activation of this enzyme, several mechanisms have been proposed, including phosphatidylcholine hydrolysis at a relatively later phase in cellular responses (12, 13) .
In resting T lymphocytes, the synergistic action of phorbol ester and calcium ionophore has been reported to induce interleukin 2 (IL-2) secretion and IL-2 receptor a-subunit (IL-2Ra) gene expression, eventually leading to cell proliferation (for review, see ref. 14) . A previous report from this laboratory (9) has shown that repeated doses of a membranepermeant DAG mimic this phorbol ester action and enhance T-lymphocyte activation increasingly with the number of DAG applications, although a single dose of DAG is insufficient to elicit full cellular response. Extending this observation, we have undertaken to determine quantitatively the metabolic rate of a membrane-permeant DAG and to discuss the correlation between the maintenance of DAG and the intensity of T-lymphocyte activation.
MATERIALS AND METHODS
Materials. The medium used for cell culture was RPMI 1640 (Flow Laboratories), containing 5% (vol/vol) autologous serum, penicillin at 50 units/ml, and streptomycin at 50 ,ug/ml. Phorbol 12-myristate 13-acetate (PMA) (Chemsym Science Laboratories, Lenexa, KS) was dissolved in dimethyl sulfoxide, and this stock solution was diluted appropriately to give a final concentration of <0.05% dimethyl sulfoxide. lonomycin (Calbiochem-Behring) was dissolved in ethanol and diluted to give a final concentration of <0.05% ethanol. Nonradioactive 1,2-DiC8 (Nakarai Tesque, Kyoto) was dissolved in chloroform and stored at -20°C. Just before use, chloroform was evaporated under a nitrogen stream. The residue was resuspended in potassium phosphate-buffered saline (PBS) and sonicated for 3 min at 0°C. 1,3-DiC8 and octanoic acid were purchased from Sigma. An The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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described (15) . The accessory cell (AC)-depleted cells obtained in this way were 95% CD3-positive. For pure T-cell preparations, the AC-depleted cells were purified further using T-Cell Lymphokwick (One Lambda, Los Angeles) as described (16) . In the present studies, however, similar results were obtained with the AC-depleted cells and Lymphokwick-treated cells.
Analysis of DiC8 Isomers and Metabolites. 1,2-[1"C]DiC8 in chloroform was dried under a nitrogen stream, and the residue was dispersed in PBS by vigorous vortex mixing followed by sonication for 3 min at 0°C. AC-depleted T cells were suspended in RPMI 1640 at various cell densities as indicated in each experiment. 1,2-[14C]DiC8 was added to the T-cell suspension at a final concentration of 100 ,uM (2-3 x W cpm/ml). After incubation, lipids were extracted directly from the whole incubation mixture by the method of Bligh and Dyer (17) with 1 M HCl as an upper phase. Chloroformsoluble materials were first separated by TLC on a Merck silica gel 60 plate with chloroform/acetone, 96:4 (vol/vol), as a solvent system. Unlabeled 1,2-DiC8 and 1,3-DiC8 were run as standards. Plates were exposed to I2 Vapor and subsequently to an x-ray film with an intensifying screen at -80°C for 12 hr. The region corresponding to each of the DiC8 isomers was scraped off for determination of radioactivity with a liquid scintillation spectrometer. Under the present conditions DL-1,2-DiC8 and 1,3-DiC8 were separated, whereas the D and L isomers of 1,2-DiC8 were indistinguishable from each other.
For the analysis of phosphatidic acid, the chloroformsoluble materials were subjected to TLC with chloroform/ methahol/acetic acid, 65 (Fig. 1) . Analysis of the radioactive products by TLC indicated that a major part of 1,2-DiC8 was hydrolyzed to octanoic acid and metabolized further. Only a small part appeared to be converted to the corresponding phosphatidic acid. Under these conditions no appreciable quantity of 1,3-DiC8 accumulated. Although the detailed enzymatic basis remains unclear, it is possible that this degradation of 1,2-DiC8 was initiated by the action of nonspecific esterase rather than a stereospecific DAG lipase, since the radioactive 1,2-DiC8 was a mixture of D and L isomers but nevertheless disappeared rapidly.
Metabolic Rate of 1,2-DiC8 as a Function of Cell Density. The rate of disappearance of 1,2-DiC8 was dependent on the cell density in the incubation mixture. With a fixed amount of 1,2-DiC8 (100 AM) the cells at higher densities (106-107 cells per ml) removed this neutral lipid more rapidly ( Fig. 2A) , and its metabolites accumulated concomitantly (Fig. 2B) . Watersoluble metabolites were negligible. At lower cell densities (104-105 cells per ml), a considerable amount of 1,2-DiC8 was isomerized to 1,3-DiC8, which is a more stable form in an aqueous medium (Fig. 2C) . The mechanism of this isomerization is unknown but is probably due to enzymatic and/or nonenzymatic reaction in the presence of serum in the incubation mixture, since this isomerization to 1,3-DiC8 was facilitated by serum without T lymphocytes. In a separate experiment with lower cell densities (1-5 x 10" cells per ml), the radioactive 1,2-DiC8 remained in the incubation medium for at least 3-4 hr. These results suggest that at lower cell densities more 1,2-DiC8 is available to the cells for prolonging the activation of PKC.
IL-2Ra Expression by DiC8 and PMA. Although the results reported from several laboratories are controversial (9, 15, (18) (19) (20) (21) , unlike PMA, a single dose of membrane-permeant DAG (such as 1,2-DiC8) is not fully sufficient to induce IL-2Ra expression. However, we found that the extent of IL-2Ra expression was dependent on the concentration of 1,2-DiC8 added (Table 1 ). In addition, the extent of receptor expression was a function of the cell density in the incubation medium (see below). Ionomycin was always needed for this receptor expression.
Efficiency of 1,2-DiC8 as a Function of Cell Density. The next set of experiments was designed to show that the efficiency of 1,2-DiC8 to cause IL-2Ra expression depends on the cell density in the incubation medium (Fig. 3) . The purified cell preparations at cell densities from 5 x 104 to 1 x 107 cells per ml were exposed for 1 hr to 100 ,uM 1,2-DiC8 in the presence B 1,3-I)1C8 was available for each cell in both quantity and duration as described above. To avoid gene expression due to cell-to-cell interactions, which may often be observed at higher cell densities (unpublished observation), the T cells were collected after 1 hr, washed, resuspended at 5 x 105 cells per ml in 1,2-DiC8-free medium containing 1 MLM ionomycin, and incubated for an additional 15 hr to allow IL-2Ra expression. The results indicated that the number of T lymphocytes expressing IL-2Ra was inversely related to the cell densities during the 1-hr incubation with 1,2-DiC8 (Fig. 3A) . When 1,2-DiC8 was replaced by 10 nM PMA, the number of T lymphocytes expressing the receptor was not markedly affected by the cell densities during the first hour (Fig. 3B ).
Repeated Doses of 1,2-DiCs and IL-2Ra Expression. At higher cell densities a single dose of 1,2-DiC8 was insufficient to cause IL-2Ra expression, presumably due to the low amount of this DAG available to each cell, as described above. Thus, 1,2-DiC8 was repeatedly added to the cell suspension in order to prolong the exposure of the cells to 1,2-DiC8. The results indicated that repeated additions of 1,2-DiC8 mimic a single addition of PMA and can induce IL-2Ra expression more efficiently (Fig. 4) . Again, ionomycin was necessary for this T-cell activation.
DISCUSSION
Although the results presented above varied slightly with the T-lymphocyte preparations, which were obtained from different volunteers, 1,2-DiC8 was normally metabolized very fast. At the highest cell density used (107 cells per ml), each cell was exposed to 10 fmol of 1,2-DiC8. Under these conditions the cells degraded nearly all 1,2-DiC8 molecules within 30-40 min. At the lowest cell density used (104 cells per ml), each cell was exposed to 10 pmol of 1,2-DiC8. (22, 23) and in vivo (24) has been shown to have the 1,2-sn configuration. Although little is known about the stereospecificity of DAG lipase in T lymphocytes, the results presented above imply that 1,2-DiC8 may be metabolized by a nonspecific esterase rather than by a stereospecific DAG lipase. It was also noted that 1,2-DiC8 was degraded rapidly and not converted to phosphatidic acid in a significant quantity. It is unclear whether this was due to the unphysiologically short fatty acyl chains attached to the glycerol backbone.
It has been proposed that the differences of the cellular responses to membrane-permeant DAG and PMA may be due to the fact that DAG is metabolized rapidly (2), whereas PMA is not (7) . The present studies are consistent with this assumption, but a possibility for additional actions of PMA is not excluded. During the experiments with 1,2-DiC8 no measurable translocation of PKC to membranes was observed, although some digitonin-nonreleasable form of the enzyme was increased, as described earlier (9) . Human peripheral T lymphocytes normally express both the a and the (8 subspecies of PKC (25) . Under the conditions of the present studies, no significant depletion (down-regulation) of the enzyme was detected. However, a single addition of membrane-permeant DAG or PMA caused a focal redistribution of PKC within the cell, as reported earlier (16) . The biological significance of this redistribution remains unknown.
Although the sustained activation of PKC for a certain period of time, possibly the first 3-4 hr. is a prerequisite for T-cell activation, the biochemical mechanism prolonging this enzyme activation under physiological conditions remains to be explored. The antigenic signal that interacts with the Ti/CD3 complex causes the hydrolysis of inositolphospholipids, but the formation of DAG by this mechanism is transient and appears to be insufficient to cause T-cell activation. Precise roles of signals provided by the ACs remain to be established, but it is attractive to surmise that these signals function at least in part to degrade various phospholipids to produce second messengers, prolonging the PKC activation. An earlier report (26) described a synergistic action of DAG and unsaturated free fatty acids on PKC activation, implying the direct involvement of phospholipase A2 in signal transduction as postulated by Axelrod et al. (27) . Plausible evidence now seems to suggest that the signal-dependent hydrolysis of phosphatidylcholine may play a role in production ofDAG (12, 13) , particularly at relatively later phases in cellular responses. Presumably, the activation of PKC is an integral part of the degradation cascade of various membrane phospholipids, and the sustained activation of this enzyme is essential, particularly for long-term cellular responses.
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